Researchers studying the polarization characteristics of the optical environment prefer to use sequential imaging polarimetry, because it is inexpensive and simple. This technique takes the polarization pictures through polarizers in succession. Its main drawback is, however, that during sequential exposure of the polarization pictures the target must not move, otherwise so-called motion artefacts are caused after evaluation of the polarization pictures. How could these disturbing motion artefacts be minimized? Taking inspiration from photography, our idea was to take the polarization pictures with an exposure that is long enough so that the changes of the moving/changing target can be averaged and thus motion artifacts are reduced, at least in a special case, when the motion has a stable mean. In the laboratory, we demonstrated the performance of this method when the target was a wavy water surface. We found that the errors of the measured degree and angle of polarization of light reflected from the undulating water surface decreased with increasing exposure time (shutter speed) and converged to very low values. Although various simultaneous polarimeters (taking the polarization pictures at once) are available that do not suffer from motion artifacts, our method is much cheaper and performs very well, at least when the target is a wavy water surface.
INTRODUCTION
The polarization characteristics of our optical environment can be effectively measured with imaging polarimetry [1] [2] [3] [4] [5] [6] [7] . This technique opens a new optical dimension, the world of polarized light for the practically polarization-blind human visual system, which can perceive only the intensity and color of light. The valuable information gained with imaging polarimetry can be used in physics, meteorology, astronomy and biology, for example. Fundamentally, there are two main kinds of imaging polarimetry: simultaneous and sequential [8] .
Simultaneous imaging polarimetry (SimIP) takes the necessary polarization pictures through linear and circular polarizers at the same time [9] [10] [11] . For this task a minimum of three (plus one for circular polarization) separate optical pathways are necessary, each with its own linear/circular polarizing filter. The major disadvantage of this technique is the complexity of equipment design and thus its high cost, due to the three-four optical pathways.
Sequential imaging polarimetry (SeqIP) is much cheaper and simpler, because it has only one optical pathway into which the threefour polarizers can be somehow inserted (e.g., rotated) in succession. Researchers studying the polarization characteristics of the optical environment prefer to use SeqIP because it is inexpensive and simple. The main drawback of this method is that, during sequential exposure of the three-four polarization pictures, the target must not move, otherwise so-called motion artifacts are caused by the intensity changes in certain pixels originating from local or global target movements.
In spite of this handicap of SeqIP, almost all polarization information/patterns gathered in the past decades have been measured by this technique: e.g., sky polarization [9, [12] [13] [14] , reflectionpolarization characteristics of water surfaces [15] [16] [17] , equipment used in choice experiments [18] [19] [20] , and the ability to polarize of live horses, cattle and zebras [21] [22] [23] . The majority of these targets (clouds, animals, water surfaces) may move, which implies motion artifacts. However, dealing with motion artifacts is getting more advanced [24] , and it would be great practical importance if the two advantages (elimination of motion artifacts and cheapness/simplicity) of SimIP and SeqIP could somehow be combined. In this work we show an example for this.
In nature, a typical temporally changing target is an undulating water surface. The reflection-polarization characteristics of smooth, non-undulating water surfaces have been intensely studied (reviewed by [25] ), because they are important in understanding the polarotactic behavior of flying water-seeking aquatic insects (reviewed by [26] ). These polarization-sensitive insects find their aquatic habitat by means of the horizontal polarization of water-reflected light in the ultraviolet or visible range of the spectrum [27] [28] .
As far as we know, until now mainly calm water surfaces have been measured by SeqIP. If, however, the water surface is wavy, disturbing motion artifacts occur in the patterns of the degree and angle of polarization measured by SeqIP. In addition to theoretical calculations on the polarization of wavy-water-reflected sky light [29] , Harchanko and Chenault [30] studied wavy water surfaces for object detection by imaging polarimetry. They used a fast-motorized rotating-analyser SeqIP, which minimized motion artefacts. Determination of ocean wave shapes [31] or oil detection on water [32] are further interesting water-surface-related applications of imaging polarimetry, although the latter utilizes SimIP.
Taking inspiration from photographers, our idea was to take the three polarization pictures with an exposure that is long enough so that changes of the wavy water surface are averaged and thus motion artifacts are reduced. In our study we have concentrated on the measurement of linear polarization characteristics, since circularly polarized light is rare in the natural terrestrial optical environment [3] . Water surfaces differ from many other moving objects, because, during undulation, the surface periodically oscillates around a well-defined, horizontal equipotential surface. Here we show how temporal averaging with long exposures facilitates the reduction of motion artifacts of polarization patterns measured by SeqIP as a function of the shutter speed when the moving/changing target has a stable mean. Although, sophisticated polarimeters equipped with micropolarizer arrays, being capable of providing real-time polarization information, are available on the market [10, 11] , the slow sequential imaging polarimeter discussed in this paper is significantly less expensive and performs remarkably well if the target is a wavy water surface.
MATERIALS AND METHODS
We performed imaging polarimetric measurements of a water-filled circular plastic tray (diameter = 40 cm, water depth = 4 cm) with a NIKON D3200 DSLR camera equipped with a calibrated, rotatable linear polarizer (W-Tianya Slim MC CPL). The angle of the optical axis of the polarimeter was 45° from the horizontal. One measurement consisted of taking three RAW images with different directions (α1 = 60.8°, α2 = 119.7°, α3 = 178.6° from the horizontal) of the polarizer's transmission axis. These polarizer directions were arbitrarily chosen and were marked with notches on the rotatable polarizer. Three polarization images are enough, since the linear (non-circular) part of the Stokes vector has three parameters [3] . The linear voltage response of the CMOS pixels as a function of light intensity was verified by the Estrato Research & Development Ltd. (www.estrato.hu). Surface waves of the water in the tray were generated by the airflow of an aquarium air pump (ATMAN AT A1500) guided into the water via a plastic tube. In nature, an observer may encounter situations where the angular extension of the mirror image of field objects (e.g., trees, clouds, artificial objects) on the water surface varies in a wide range compared to that of the waves and ripples of the water surface. In order to model these situations, we used five different black and white checkered backgrounds (B1-B5), the image of which was reflected to the camera from the water surface in the tray (Fig. 1) . The square size of B1, B2, B3, B4 and B5 was 9, 9/2, 9/4, 9/8 and 9/16 cm, respectively.
In the case of all five backgrounds, measurements were performed with the following 13 different shutter speeds (exposures): 1/120, 1/60, 1/30, 1/15, 1/8, 1/4, 1/2, 1, 2, 4, 8, 15, and 30 s. For each measurement of the wavy water surface, the air pump was switched off and a control measurement was performed on the smooth, calm water. Thus, the total 5 × 13 = 65 wavy measurements had their own smooth/calm counterparts to be used as control measurements. The left side of the tray bottom was painted to medium gray in order to model a medium gray natural water surface being neither too dark, nor too bright (inset in Fig. 1A ). After evaluation of each triplet of RAW polarization pictures in a masked region of the left tray half (Fig. 1B-F) , the degree and angle of polarization patterns were obtained. Then, in the case of all wavy measurements the corresponding smooth/calm counterpart's polarization patterns were subtracted, resulting in the patterns of errors Δd and Δα of the degree and angle of polarization. The main reason for performing the polarization evaluation only on the left side was the stochastic occurrence of air bubbles on the right side where these bubbles were produced by the airflow.
The measurements were done in a laboratory under artificial unpolarized illumination of a 50 Watt, 4000 lm, cool white LED light, the intensity of which was controlled by placing neutral density (ND) filters (Lee 209, 210, 211, 298, 299 filters, Andover, UK) in front of the light source. Thus, instead of applying various ND filters on the objective lens, the intensity of illumination was controlled by creating appropriate lighting conditions for a given shutter speed. The light source illuminated the background so that no direct light hit the objective lens. Calculation of the average and standard deviation of the Δd-and Δα-patterns was performed for all 13 shutter speeds within the masked areas, and the following decaying exponential curve was fitted to the obtained points:
where a, b and c are the parameters to be fitted, and s is the shutter speed. Parameter c was used to give an estimate for the reachable minimal errors and standard deviations for d and α measured with sequential imaging polarimetry (SeqIP) of wavy water surfaces.
In this model of water body, there were two components of returned light: light reflected from the water surface, and light reflected from the bottom. Because of the shallowness (4 cm water depth) and grayness (50%) of the bottom both, components contributed nearly equally to the net polarization characteristics. Our main finding, that increasing the shutter speed results in exponentially decreasing
To determine the characteristic wave period in the tray, we have recorded a video (frames per second = 50) in the same arrangement as used for imaging polarimetry. At 10 random points within the masked region (Fig. 1B-F) we obtained the pixel intensities as a function of time. After Fourier transformation of a given time series and smoothing with a 1 Hz wide window, the reciprocal of the largest frequency component was considered as the characteristic wave period for that point. Finally, we calculated the mean and standard deviation of these 10 wave periods.
Waves generated by the air pump were reflected from the tray's wall and became superimposed on each other, so we did not examine the characteristic wavelength of the experiment. However, based on some ripples on frames of the mentioned video, we estimate that the wavelength of the initial waves were smaller than λ* = 4 cm. Figure 2 demonstrates the results of our imaging polarimetric measurements in the case of moderately checkered background B3 for the 13 different shutter speeds studied. Figures 2A and 2B show the patterns of the degree of polarization d of light reflected from the wavy and smooth/calm water surfaces, respectively. Figure 2C displays the patterns of the error Δd of the degree of polarization d, which is the difference of the 1st and 2nd rows in Fig. 2 . Figures 2D and 2E show the patterns of the angle of polarization α of light mirrored from the wavy and smooth/calm water surfaces, while Fig. 2F displays the difference of them, namely, the patterns of the error Δα of the angle of polarization α. In the case of smooth/calm water surfaces, the patterns (Figs. 2B,E) are practically the same, independent of the shutter speed, as expected. On the other hand, the patterns of wavy water surfaces (Figs. 2A,D) show convergence to the patterns being similar to those of their smooth/calm counterparts (Figs. 2B,E) with increasing shutter speed. Certain convergence is also obvious on the Δd and Δα patterns (Figs. 2C,F) , where a significant decrease in the errors is not observable over shutter speed Sc = 1/2 s. In other words, over Sc these patterns are practically the same, close to the 50 % gray colour, which represents the zero error value. However, this convergence is not perfect, especially around the Brewster's angle as can be seen in the centre of the Δd patterns of Fig. 2C . This is not surprising, since the degree of polarization of reflected light is maximal at the Brewster's angle, so the corresponding error values are also higher around this viewing direction. In the case of the angle of polarization, all deviations are much smaller (Fig. 2F) . Figure 3 shows the average errors and standard deviations of the degree d and angle α of polarization for all five backgrounds as a function of the shutter speed. The understanding of these curves is facilitated by Figs. 2C and 2F . For example, the points of the curve labelled by B3 in Fig. 3A originate from averaging all pixels in Fig. 2C in case of every shutter speed. Similarly, the B3 curve in Fig. 3C is constructed by averaging the angle of polarization errors in Fig. 2F . The same principle applies for curve B3 in Figs. 3B and 3D , but here the standard deviation was calculated instead of the average. Since five different backgrounds were used for the measurements, these calculations were performed for all five backgrounds. In Fig. 3E the total average of errors Δd and Δα are shown as a function of the shutter speed, with error bars representing the standard deviation. The total average was calculated by averaging the average errors for all backgrounds at each shutter speed. Figure 3F shows the same as Fig.  3E , but for the angle of polarization.
RESULTS
Figures 3G and 3H display the total average and standard deviation of Δd and Δα, respectively, with fitted decaying exponential curves (eq. 1). The average and standard deviation of Δd converges to d* = 3.88 ± 14.04%, while those of Δα converge to α* = 1.23 ± 16.76°.
According to Fourier analysis, we found that the characteristic wave period of the undulating water surface was T* = 151 ± 24 ms (mean ± standard deviation) during the measurements. 
DISCUSSION
Our imaging polarimetric measurements were performed under controlled illumination, which is not achievable outside in nature. For taking long exposure photographs under intense illumination, photographers use ND filters to reduce the amount of light entering the camera equally at all visible wavelengths [33] . Thus ND filters should be used as attached to the objective lens. Since birefringence can occur in plastic filters, the ND filter should be placed between the objective lens and the polarizer, to avoid false polarimetric results.
As our results indicate, increasing the shutter speed (exposure) reduces the errors originating from motion artefacts. On the other hand, the whole measurement should be as quick as possible, because the global illumination may change any time due to the movement of clouds and/or the Sun, for example.
Note that the achievable minimum error d* of the degree of polarization is positive (Fig. 3G) . In other words, the probability of a positive d*-value is higher than that of a negative one in a given pixel. This is, because motion of the water surface results in intensity changes in the scene, which are interpreted as higher degrees of polarization during polarization evaluation. This is the reason that motion artefacts usually take shape in relatively high degrees of polarization, rather than low ones. In the case of the angle of polarization, the total average error α* is practically zero, independent of the shutter speed (Fig. 3H) . Although, the standard deviations of α and d can be high, the total average error of the degree and particularly the angle of polarization is close to zero for sufficiently high shutter speeds. Thus, if the experimenter is interested in the mean reflectionpolarization characteristics of a region (consisting of thousands of pixels) of the scene, our measurement method is fair enough.
When polarimetrically imaging an undulating water surface, different polarization directions belong to different orientations of the wavy surface. The meaning of the degree of polarization p of waterreflected light is more complex: On the one hand it is well known that the greater the deviation of the direction of reflected light from the Brewster's angle, the smaller is the p of surface-reflected light. Thus, lower p-values refer to viewing directions farther from Brewster's angle. Furthermore, in natural environments the p of water-returned light depends on the water turbidity, the brightness of the bottom and the illumination conditions. In the case of clear water with a dark bottom in ambient illumination, the returned light is often highly and mainly horizontally polarized. However, if the water is turbid and illuminated by direct sunlight, the returned light can be almost unpolarized or even vertically polarized.
Our main aim was to demonstrate that an increasing shutter speed results in exponentially decreasing motion artifacts. We showed this in such a way that the degree and angle of polarization differences between a wavy and a motionless (smooth) control water surface were averaged for the whole masked surface (left half of the tray). The same exponential decrease should happen also locally if we perform this for an arbitrary angle of view. Therefore, it is unnecessary to perform a control measurement by SimIP. In our experiment, such simultaneous polarimetry control was replaced by the sequential polarimetry of the smooth water surface.
It is well known that aquatic insects usually detect water surfaces by means of the horizontal polarization of water-reflected light [3, [34] [35] , thus horizontally and strongly polarized light is often attractive to these insects. If an aquatic entomologist studying the polarotaxis of aquatic insects is interested in the mean degree of polarization of light reflected from undulating water surfaces, she/he can use the SeqIP method with a long enough exposure presented here. According to Figs. 2 and 3 , over shutter speed Sc = 1/2 s the errors did not decrease remarkably. Taking into account the characteristic wave period (T* = 151 ± 24 ms), exposures including at least N* = 3-4 wave periods were practically sufficient for the achievable reduction of imaging polarimetric errors. However, in the case of slowly undulating natural waters these values may increase.
For reducing the motion artefacts of SeqIP of undulating water surfaces, another method might be to average multiple measurements, but this would require significantly more images, and thus would be very time-consuming. It is important to take the necessary three polarization images in the RAW mode of the camera, because (i) the bit depth of the pictures must be as high as possible and (ii) the linear response of the camera's sensor can only be exploited in this mode. Since RAW pictures have large size, it is not optimal to perform a series of short exposures. Rather, it is worth using long exposures and storing only one triplet of RAW polarization images. A special form of the previously mentioned image stacking is used in high-dynamic-range (HDR) imaging where the problem of motion artifacts is also well known [36] [37] [38] .
In the nature, in addition to undulating water surfaces, wind-blown oscillating leaves of vegetation (e.g., trees, bushes) are other examples for objects reflecting and polarizing light with a stable mean orientation/position. We have chosen a wavy water surface to test the performance of long-exposure SeqIP, because water bodies are common and thus play a central role in the visual environment. Furthermore, their reflection-polarization characteristics are important for water-seeking polarotactic aquatic insects.
CONCLUSIONS
On the basis of our results we conclude the following:
(1) The errors of the measured degree and angle of polarization of light reflected from undulating water surfaces decreased with increasing exposure time (shutter speed) and converged to very low values.
(2) According to our results, the average and standard deviation of the degree and angle of polarization converges to d* = 3.88 ± 14.04 %, and α* = 1.23° ± 16.76°, respectively.
(3) Although various simultaneous polarimeters, taking the polarization pictures at once, are available that do not suffer from motion artefacts (but sometimes suffer from spatial misregistration [4] ), our method is much cheaper and performs very well, at least when the target is a wavy water surface.
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